Transport processes in most engineering applications occur within complex geometries. In engineering practice, users rely heavily on commercial mesh generators, which can produce unacceptably skewed meshes. Convergence behaviour and absolute accuracy in finite volume CFD computations depend critically on mesh quality and in particular, mesh orthogonality. In this paper, the effects of non-orthogonality on the main component algorithms of pressure-correction type cell-centred finite volume codes are closely examined, systematically adjusted and tested. The modifications to the pressure correction method applied to cases using non-orthogonal grids are described. The SIMPLEC algorithm [1] , with the aid of an inverse square distance interpolation, is used for overcoming instabilities arising in a few problematic cells. Solution instabilities which arise when using hexahedral or tetrahedral meshes are attenuated by bounding the maximum and minimum values of solved variables within a physically realistic range. The consistency and accuracy of the proposed method are compared with benchmark solutions [2] available in the literature. The usefulness of the present method is demonstrated by its application to illustrative problems for which comparison data are available.
of the code started by P. Chow [11] and N. Croft [12] , which has been bundled into a multi-physics package called PHYSICA [13] .
This investigation will start with the application of a diffusion term nonorthogonality correction method proposed by Croft [12] . Non-orthogonal cases are then tackled using additional solution techniques. These include the use of limiters, i.e. forcing the solution to be constrained between physically sound limits. Another technique investigated is the isolation of badly behaved cells followed by interpolation of solved variables such as pressure in these control volumes. The effect of these solution techniques on convergence behaviour is also investigated.
NUMERICAL METHOD 2.1 Governing Equations
The transport equation for a conserved quantity φ for steady state cases is given by (1) where ρ is density, u is velocity, Γ is the diffusion coefficient and S φ , the source term.
The mass and momentum conservation equations for steady state flow of an incompressible Newtonian fluid are obtained by setting φ = 1 and φ = u, v or w respectively, with Γ = µ for momentum equations. The heat equation is written in a slightly different form: (2) The turbulent contribution to the effective viscosity is derived from the standard k-ε model: 
where G is the turbulent generation rate and v t is the Kolmogorov-Prandtl expression for turbulent velocity. The solutions for k and ε are used to calculate the eddy viscosity using:
where C µ is a dimensionless constant which is usually taken to be 0.09.
Discretisation Procedure
The finite volume method is used to discretise the transport equation (1) . The domain is divided into cells called control volumes. The governing equations are integrated over each control volume. The convection and diffusion terms are then cast in surface integral form using Gauss's theorem. The transport equation then becomes: (6) A discretisation scheme like HYBRID [13] , leads to the following linear set of equations, which are to be solved simultaneously [14, 15] .
The neighbours are grid nodes adjacent to the control volume. The term b contains the linearised source term arising from the discretisation procedure.
Non-orthogonality Correction for Diffusion Term
One of the main difficulties when using an unstructured mesh is the discretisation of the diffusion term in non-orthogonal cases. PHYSICA [13] proposed the following correction method to handle these non-orthogonal cases: the normal component of the diffusion gradient is decomposed into two components (8) where n is the normal to the face, v is a unit vector along the direction joining the adjacent cell centres on both sides of face f, as shown in Figure 1 . λ is set
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Momentum Interpolation
Since a co-located velocity arrangement is adopted in our present code, a momentum interpolation method similar to that proposed by Rhie and Chow [8] is required to ensure correct pressure-velocity coupling and avoid non-physical solutions [15] [16] . Momentum interpolation, as implemented in PHYSICA [13] , is given by (11) where u f is the face velocity required to compute mass source term in the pressure correction equation used in the next section.
Pressure Handling
Pressure and velocity are both unknown quantities to be solved. However, pressure and velocity are strongly coupled in the momentum equation and pressure only appears as a gradient in the momentum equation. Patankar and Spalding [9] devised a special implicit procedure to calculate pressure, called SIMPLE. This procedure has been enhanced by Van Doormaal and Raithby [1] , and their SIMPLEC algorithm [1] is used for pressure calculation. Wang and Komori [7] have demonstrated that the convergence behaviour for non orthogonal computations with SIMPLEC is superior to that for SIMPLE. A good summary of different SIMPLE-like schemes can be found in a publication from Acharya et al. [17] . Extension of the SIMPLEC algorithm on significantly non-orthogonal geometries result in a complex pressure-correction term containing extra terms. Including these extra terms in a numerical experiment increases the robustness of the code at the expense of performance. [6] This research investigates alternative methods which can be used to avoid these extra terms: these methods are described in the following subsections.
Cell Value Interpolation Method
In some cases, solution instabilities arise only at localised points within the domain. When these occur (say for meshes generated using commercial packages like Harpoon [18] ), an interpolation method is used to calculate the value of variables for the badly behaved cell.
The variables at these points are fixed to where r i is the distance between the bad cell centre and neighbouring cell i centre. The weighing factor used is the inverse square of the distance between the bad cell centre and the centre of the neighbouring cells, which include the NE, NW, SE and SW cells in 2D, and the 8 diagonal cells in 3D.
The algorithm used for pressure interpolation is illustrated by the flowchart in Figure 2 . The pressure corrections for problematic cells are calculated by interpolating the pressures at the surrounding cells, and removing the last pressure values at the cells from the interpolated values.
Bounding Variables Within a Physically Realistic Range
A radical approach to handling bad cells is to stop the solver in these cells and fix the solved variables within these badly behaved cells to a maximum or minimum value. These limits are imposed by the physics of the problem considered.
NUMERICAL RESULTS
The results of the study are described and discussed in this section.
Moving Lid Cavity Flow
Moving lid cavity flow cases, with the geometry illustrated by Figure 7 , are used to test the method mentioned in the previous section. In each case, the density ρ = 1.0 kg m -3 and the speed of the lid is set to 1 m s -1 . Each side of the cavity is equal to 1 m. The Reynolds number is varied by changing the dynamic viscosity µ. Under-relaxation parameters of 0.5 and 0.8 are used to relax pressure and velocity respectively. The benchmarks used to validate the numerical experiments presented in this report were taken from Ghia et al. [19] for the tilted orthogonal cavity and Demirdzić et al. [2] for skewed domains.
Orthogonal cavity flow
A Cartesian mesh of grid density 80x80, was generated. The schematic diagram for the case is shown in Figure 7 , with θ = 90°. The calculated u velocity along the vertical line x = 0.5 m and the v velocity along the horizontal line y = 0.5 m are shown in Figure 3 and Figure 4 . The results obtained with the above method are in perfect agreement with the benchmark from Ghia et al. [19] The convergence behaviour in the orthogonal case is shown in Figure 5 .
The code solves for Cartesian velocity components, independently of mesh orientation. To eliminate component resolution as a cause for instability and check the code for consistency, the mesh was then rotated anticlockwise by 45°. The case was solved, invoking the diffusion correction for non-orthogonality, described in Section 2.3. There are no visible differences between results obtained from the original mesh and this new rotated case. However, the residuals for pressure and momentum in the rotated mesh case -shown in Figure 6 -remain high, even though both meshes yield accurate solutions at the symmetry lines. The same result when the moving lid problem is solved on a tilted mesh and no non-orthogonality treatment is invoked.
Skewed cavity flow
The skewed cavity mesh depicted in Figure 7 was constructed by simple deformation of the orthogonal Cartesian mesh using the matrix .
The results for θ = 45°are shown in Figure 8 and Figure 9 . The convergence criterion for these cases is that the total residuals for each solved parameter P, u or v must fall below 10 -4 . PHYSICA agrees with the benchmark of Demirdzić et al. [2] Results for an 80x80 mesh are already grid independent.
Another case with θ = 30°and Re = 1000 has been run and compared with Demirdzić et al. [2] The results are shown in Figure 10 and Figure 11 . The difference in the two flows is pronounced, since the flow is more turbulent, and the geometry skewer in the θ = 30°case. As expected, mesh independence is achieved at a higher mesh density. For the profile of v along the central horizontal line, the results are completely wrong for mesh densities lower than 160x160. A higher mesh density is therefore required for turbulent and highly non-orthogonal flows.
The impact of the choice of relaxation factors α P and α u on the convergence rate of the case is shown in Figure 12 . The choice of under-relaxation parameter for the pressure equation, α P , is immaterial for low values momentum underrelaxation α u . These require a large number of iterations to achieve convergence. Less iterations are required for high values of α u ; however, the case fails to converge if the pressure correction equation is not severely relaxed, e.g. with α u = 0.8, α P must be lower than 0.5 for the case to converge. It is therefore good practice to keep a low value of the under-relaxation parameter for pressure.
Meshes generated with a commercial package
Commercial packages such as Harpoon [18] are commonly used in industrial applications to generate meshes for complex geometries. It is essential for a good CFD code to work with these meshes generated from industry standard CAD/CAM and meshing software. The convergence behaviour for cases using meshes generated from Harpoon will be analysed in the following section. The first mesh considered is a tetrahedral one. For this case to converge, the component of velocity perpendicular to the plane of interest has to be solved, and fixed to zero at all boundaries. The interpolation method described in Section 2.6 was used to fix pressure in badly behaved cells at the top right of the domain depicted schematically by Figure 7 . The velocity profiles along the centre lines of the domain are shown in Figure 14 and Figure 15 . The convergence behaviour of the case for a fine tetrahedral mesh is depicted in Figure 16 . The method produces an accurate solution with a constant, high residual remaining at the end of the simulation.
The final case in this section consists of a mixed mode mesh containing both tetrahedral and hexahedral cells. Some cells in this configuration behave badly at the upper right corner of the domain, where pressure is expected to be maximum. This difficulty was resolved by: This method produced the correct velocity profile recovered far from the problematic cells, as shown in Figure 14 and Figure 15 . However, the residuals ( Figure 18 ) for this case remained high due to the interpolation of pressure; mass conservation (usually covered by the pressure correction method) was hence not enforced for the interpolated cell. The convergence behaviour of the case improved, as shown in Figure 19 when interpolation was removed, and using limiters only. The same benchmark solution was recovered along the centre lines with this second attempt. . Convergence behaviour of the moving lid case with θ = 45°and Re = 100, using a mixed mesh generated with HARPOON with limiters only.
Buoyancy Driven Flow in Skewed Cavity
The last series of tests involved heat transfer using a popular test case for nonorthogonal algorithms: the buoyancy driven cavity depicted in Figure 20 . The heat equation is solved, together with the Navier-Stokes equations. The flow is driven by density differences arising due to temperature differences in the domain. The Boussinesq approximation, where the gravity term is a simple function of temperature, is used since density differences are expected to be small. The gravity source term in the vertical momentum equation is given by:
The case described by Demirdzić et al. [2] has been repeated here and compared with the proposed benchmark. The angle θ = 45°and two cases are run for flow of Rayleigh number Ra = 10 6 . The cases studied are of Prandlt numbers Pr = 0.1 and 10, corresponding to µ = 10 -4 kg m -1 s -1 and 10 -3 kg m -1 s -1 , respectively. The isotherms illustrated by Figure 21 and Figure 22 agree with the benchmark profiles. The profiles of the local Nusselt number along the cold wall for each case are shown in Figures 23 and 24 . Good agreement is obtained between the numerical method used and the benchmark from Demirdzić et al. [2] . The influence of the under-relaxation factors is shown in Figure 25 . An under-relaxation factor of α P = 0.4 is the optimum choice for most values of α u . The influence of α P decreases when α u is made smaller. 
